Purpose: The aim of this study was to investigate the safety and efficacy of transarterial chemoembolization and sorafenib (TACE-S) combined with microwave ablation (TACE-S-MWA) for the treatment of patients with advanced primary hepatocellular carcinoma (HCC). Methods: Between January 2015 and December 2018, 152 consecutive advanced HCC patients, who underwent TACE-S-MWA (MWA group, n=77) or TACE-S (Non-MWA group, n=75), were investigated. Overall survival (OS), time to progression (TTP) and safety were compared between the two groups. Prognostic factors were analyzed using the Cox proportional hazard regression model. Results: Baseline patient characteristics were balanced between the two groups. MWA group was associated with a higher OS (median, 19.0 vs 13.0 months; P<0.001) and a longer TTP (median, 6.0 vs 3.0 months; P<0.001) compared with non-MWA group. Multivariate analyses showed that portal vein tumor thrombosis (PVTT) (P=0.002), duration of sorafenib (P<0.001), and MWA treatment (P=0.011) were independently associated with OS. MWA treatment strategy (P<0.001) was a significant predictor of TTP. There were no treatment-related mortalities in either group. The rates of minor complications (42.9% vs 38.7%, P=0.599) and major complications (1.29% vs 1.33%, P=0.985) in the MWA group were similar to those in the non-MWA group. Conclusion: TACE-S-MWA was safe and effective for advanced primary HCC. TACE-S-MWA resulted in better OS and TTP than did TACE-S for treatment of patients with advanced primary HCC.
Introduction
Hepatocellular carcinoma (HCC) ranks the sixth most frequently diagnosed cancer and the third leading cause of cancer-related death in the world.
1,2 HCC is associated with an overall poor prognosis despite the best diagnostic and therapeutic efforts. The Barcelona Clinic Liver Cancer (BCLC) classification has widely been used in the treatment of HCC. According to the BCLC guidelines, HCC patients with symptoms, vascular invasion, extrahepatic spread, or a combination are defined as advanced stage. [3] [4] [5] Sorafenib is an oral multikinase inhibitor with antiproliferative and antiangiogenic effects by blocking the Ras/Raf/MEK/ERK signal transduction pathway. Furthermore, sorafenib can inhibit angiogenesis by targeting hepatocyte factor receptor (c-Kit), Fms-like tyrosine kinase (FLT-3), vascular endothelial growth factor (VEGF) receptor (VEGFR)-2, VEGFR-3, platelet-derived growth factor receptor (PDGFR-β) and other tyrosine kinases. [6] [7] [8] The SHARP (Sorafenib HCC Assessment Randomized Protocol) trial showed that sorafenib was associated with a higher median overall survival (OS) (10.7 vs 7.9 months; P=0.0006) and a higher median time to progression (TTP) (5.5 vs 2.8 months; P=0.000007) compared with placebo group. 9 Additionally, some other phase III randomized clinical trials reported that sorafenib was associated with significantly better clinical efficacy compared with other treatments for patients with advanced HCC. [10] [11] [12] [13] [14] [15] Sorafenib has long been recommended as a standard treatment for advanced HCC. [3] [4] [5] Transarterial chemoembolization (TACE) has been validated as an effective treatment for unresectable HCC (BCLC stage B/C). [3] [4] [5] [16] [17] [18] However, the high recurrence rate after TACE treatment is a major limitation. Fortunately, some studies have shown that the combination of TACE and sorafenib (hereafter, TACE-S) can improve the OS of HCC patients with a better efficacy than either TACE or sorafenib monotherapy. [19] [20] [21] [22] [23] Microwave ablation (MWA) is one of the most often used ablation treatments for liver tumor, lung cancer, renal cell carcinoma, or thyroid carcinoma. [24] [25] [26] Compared with other ablation procedures, MWA was associated with more spherical and predictable ablation zones, less susceptible to the heat sink, and less dependent on its properties. [27] [28] [29] [30] As a palliative treatment, TACE was associated with a complete tumor necrosis rate of only 10-20%. [31] [32] [33] [34] Previous studies reported that TACE combined with MWA could improve tumor necrosis rate and enhance the median OS of patients with unresectable HCC. [35] [36] [37] However, whether complementary MWA improves the outcomes of TACE-S in patients with advanced primary HCC remains unclear. In this study, we hypothesized that TACE-S combined with MWA (hereafter, TACE-S-MWA) could improve the clinical efficacy of TACE-S for advanced primary HCC. Therefore, the purpose of this study was to investigate the safety and efficacy of TACE-S-MWA in patients with advanced primary HCC.
Materials and Methods

Patients and Study Design
This retrospective study complied with the standards of the Declaration of Helsinki and obtained approval from the institutional review board of two medical centers (the Sun I seed implantation, radiofrequency ablation, cryoablation or percutaneous ethanol injection), and (h) without serve coagulation dysfunction (eg, prothrombin activity < 40%, international normalized ratio > 1.26 and/or platelet count < 50×10 9 /L). The exclusion criteria were listed as follows: (a) portal vein/hepatic vein tumor thrombosis in the main trunks, (b) history of encephalopathy or refractory ascites, (c) uncontrolled comorbidities (eg, general infection, serious dysfunction of heart or kidney, chronic obstructive pulmonary disease, or recent stroke), (d) other malignancies in addition to HCC, and (e) history of receiving systemic chemotherapy or immunotherapy (eg, programmed cell death-1/programmed cell death-ligand 1 antibody). The flowchart of the enrolled patients is demonstrated in Figure 1 .
Sorafenib Administration
All patients were given sorafenib since the first day of admission to the hospital. Initially, sorafenib treatment was suggested as a standard dose of 400 mg twice daily. Ideally, patients were treated with continuous sorafenib when TACE or MWA procedure was performed. In the case of the grade 3 or 4 sorafenib-related adverse events defined by the National Cancer Institute Common Terminology Criteria for Adverse Events occurred, the dose of sorafenib was reduced to 400 mg once daily. Patients were encouraged to insist on continuing the sorafenib treatment if the toxicity was manageable. Sorafenib was canceled if unmanageable treatment-related toxicity occurred or uncontrolled disease progression developed.
TACE Procedure
Digital subtraction angiography (DSA) (Allura Xper FD 20, Philips, Amsterdam, the Netherlands) was used for TACE procedure. Selective and superselective hepatic artery angiographies were performed with 5F catheter (RH or YASHIRO TPYE, Terumo, Tokyo, Japan) and 2.8F micro-catheter (Progreat, Terumo, Tokyo, Japan), respectively. After a general assessment of tumor factors, a lobaplatin solution (20-50 mg, 0.5 mg/mL) was injected via micro-catheter, followed by an emulsion of epirubicin (30-60 mg) mixed with Lipiodol (5-25 mL) (Lipiodol Ultrafluide, Guerbet, Aulnay-Sous-Bois, France). Finally, gelatin sponge particles (350-560 μm, Alicon, Hangzhou, China) mixed with contrast agent were administered into tumor-feeding arteries. The dosage of chemotherapeutics and embolization materials was based on the body weight and tumor status. The endpoint of TACE procedure was stasis of feeding arterial flow by post-embolization angiography.
MWA Procedure
MWA was performed percutaneously within 1-2 weeks after TACE. The timing of the followed MWA depended on the recovery of patients. After routine preparation, a plain computed tomography (CT) (SOMATOM 64 Sensation, Siemens, Muenchen, Germany) scan was first performed to confirm target tumor and puncture path. For small or medium HCC (maximum diameter < 5 cm), a single MWA electrode probe was inserted along the path to reach the opposite edge of tumor lesion through its center. For large HCC (5 ≤ maximum diameter ≤ 10 cm), multiple overlapping ablations were performed for accurate judgment of the required number of ablations, and the location of needle placement effectively reduced the tumor residual or recurrence. Local anesthesia and intravenous moderate sedation were performed during the procedure. The apparatus for MWA was ECO-100 water-cooled microwave apparatus (ECO Microwave Electronic Institute, Nanjing, China) and monopole microwave antenna (16-18G) . The treatment parameters were set at 55-70 Watt and the procedure lasted for 5-15 mins. All MWA procedures were performed based on the manufacturer's recommended protocol. After the MWA procedure, an immediate CT scan was performed to assess ablation zone and potential complications.
Assessment of Clinical Efficacy and Safety
OS was calculated from the diagnostic time of advanced HCC observed after initial treatment to the date of death or the last date of follow-up. Patients who remained alive at the date of the last follow-up were considered as "censored" in statistical analysis. TTP was defined as the interval between the diagnostic time of HCC observed after initial treatment and radiologic disease progression according to the modified Response Evaluation Criteria in Solid Tumors (mRECIST). Time was censored at the date of death without progression and at the date of the last follow-up assessment in patients who were lost to follow-up. Complications or adverse events related to TACE, MWA or sorafenib were recorded during each treatment and follow-up period. Major complications were defined as events which caused substantial morbidity, or led to hospital admission, or prolonged the hospital stay. And the complications related to TACE or MWA procedure were evaluated according to the criteria defined by the Cardiovascular and Interventional Radiological Society of Europe (CIRSE) classification system of complications. 38 
Follow-Up
Follow-up was conducted by clinical visits at monthly intervals. Physical examination, laboratory tests (eg, total bilirubin, serum albumin, prothrombin time, and serum tumor marker levels), and contrast-enhanced CT/magnetic resonance imaging (MRI) scan were performed. Tumor response was evaluated by contrast-enhanced CT/MRI scans every 4-6 weeks after each treatment. Local tumor status was assessed by our multidisciplinary team of radiologists and oncologists. If there was no tumor progression, the follow-up tests were prolonged to every 3 months. If residual tumor and/or tumor progression were observed, repeated MWA or TACE was performed based on a consensus decision made by our multidisciplinary team depending on the evaluation of tumor status by CT/ MR imaging.
Statistical Analysis
All statistical analyses were performed using SPSS version 22.0 (IBM Corporation, Armonk, NY, USA). The quantitative data was expressed as frequency, mean ± standard deviation (SD) or median with 95% confidence interval (CI). The Mann-Whitney U-test was applied to compare continuous variables, and either the Pearson's χ2 test or the Fisher's exact test was performed for comparing categorical data. Patients who remained alive at the date of the last follow-up were considered "censored". Time was censored at the date of death without progression and at the date of the last follow-up assessment in patients who were lost to follow-up. Both cumulative OS and TTP were estimated by using the Kaplan-Meier method and were compared by using the Cox proportional hazards model. The statistically significant (P values less than 0.1) factors identified by the univariate analysis were entered into a Cox proportion hazards regression model to identify independent predictors of survival. For all tests, P-value of less than 0.05 was considered to be statistically significant.
Results
Patient Characteristics
Baseline patient characteristics were balanced between the two groups. Among all 152 patients, 136 (89.5%) were male, and the mean age was 54.2±12.21 years (range: 22-79 years) in the MWA group and 54.9±13.31 years (range: 27-78 years) in the non-MWA group. There were 46 patients in the MWA group and 49 patients in the non-MWA group with PVTT. The mean duration of sorafenib therapy was 14.2±9.11 months (range: 3-39 months) in the MWA group and 11.9±8.21 months (range: 3-28 months) in the non-MWA group. The mean tumor size was 5.9 ±2.05 cm (range: 3.7-10.0 cm) in the MWA group and 6.4±2.11 cm (range: 4.1-10.0 cm) in the non-MWA group. There were 56 (36.8%) and 96 (63.2%) patients with single and multiple tumor lesions, respectively. There were 101 (66.4%) patients with a hepatic function of Child-Pugh class A and 51 (33.6%) patients with a hepatic function of Child-Pugh class B. More details on the demographic characteristics of included patients are summarized in Table 1 .
Safety
There were no treatment-related mortalities in either group. Post-embolization syndrome, abdominal pain and sorafenibrelated toxic effects were the most common complications/ adverse events. The most common minor complications were abdominal pain (16.4%), vomiting (11.8%), nausea (5.3%), new ascites (3.9%), and pleural effusion (3.3%). Two (1.3%) patients experienced major complications (liver abscess and hepatic artery hemorrhage), which resulted in prolonged hospital stay and additional post-procedure therapies. According to the CIRSE classification system of complications, the rates of grade 1, grade 2, and grade 3 complications, respectively, in the MWA group were similar to those, respectively, in the non-MWA group (grade 1: 24.7% vs 21.3%, P=0.669; grade 2: 18.2% vs 17.3%, P=0.891; grade 3: 1.29% vs 1.33%, P=0.985) ( Table 2 ). There were no complications of grade 4, grade 5 or grade 6 in either group. Hand-foot skin reactions (38.8%), diarrhea (59.9%), fatigue (42.8%), hypertension (29.6%), alopecia (17.1%) and dysphonia (5.9%) were the most common sorafenib-related adverse events. There were no significant statistical differences between those two groups on complications/adverse events ( Table 2) .
Clinical Efficacy
The clinical efficacy data are summarized in (P<0.001) (Figure 2 ). Median TTP was 6.0 months (95% CI: 5.1-6.9 months) in the MWA group and 3.0 months (95% CI: 2.7-3.3 months) in the non-MWA group (P<0.001) (Figure 3 ). The patients in the MWA group had a significantly higher OS (P<0.001) and longer TTP (P<0.001) than those patients in the non-MWA group.
Prognostic Factors Associated with OS and TTP
Prognostic factors of OS and TTP are shown in 
Discussion
Our data showed that TACE-S-MWA was safe and effective in the treatment of patients with advanced primary HCC. In this study, TACE-S-MWA resulted in a higher OS (median, 19.0 vs 13.0 months) and a longer TTP (median, 6.0 vs 3.0 months) compared with TACE-S. And the prognostic analyses showed that the presence of PVTT, sorafenib duration, and MWA treatments were independent predictors of OS. Furthermore, we found that TACE-S-MWA treatments were well tolerated in advanced HCC patients, and the rates of complications or adverse events in patients who underwent TACE-S-MWA were similar to those in patients who underwent TACE-S. Few studies reported the clinical efficacy and safety of TACE-S-MWA in patients with advanced HCC. Zhu et al investigated the long-term outcomes of sorafenib combined with TACE and radiofrequency ablation (RFA) (S-TACE-RFA) in patients with medium or large (range: 3.1-7.0 cm in diameter) HCC. 39 The researchers reported that the patients who underwent S-TACE-RFA had a longer RFS (median, 24.0 vs 10.0 months) and a higher OS (median, 63.0 vs 36.0 months) than those patients who underwent TACE-RFA. 39 However, after reviewing the characteristics of their patients, we found that all of the patients were associated with BCLC stage A/B HCC. Therefore, it was inappropriate to compare the results of our study directly with those of their study due to the obvious differences in tumor status, performance status, or liver function. Peng et al reported the utilities of S-TACE-RFA in patients with advanced recurrent HCC. 40 The study showed that OS (median, 14.0 vs 9.0 months) and TTP (median, 7.0 vs 4.0 months) were significantly longer in the S-TACE-RFA group than in the sorafenib monotherapy group. 40 It indicated that our findings were similar to those in the previous studies.
The advantages of TACE-S-MWA for advanced HCC are due to the mutual benefits for the efficacy improvement of TACE, sorafenib and MWA treatments. TACE has long been considered as a standard treatment for unresectable HCC. [3] [4] [5] The rationale of TACE was based on the fact that tumor growth mostly depended on the blood supply from the hepatic artery of HCC patients. However, the complete necrosis rate of target tumor after TACE was only 10-20%. [31] [32] [33] [34] The changes of tumor microenvironment after TACE played an important role in this phenomenon. Previous studies had shown that the overexpression of hypoxia-inducible factor-1 in hypoxic tumor microenvironment after TACE could obviously enhance the expression level of vascular endothelial growth factor (VEGF), and finally resulted in the proliferation of tumor cells. 41, 42 Hence, VEGF had appeared as a key role underlying the mechanism of hypoxia-induced neoangiogenesis and tumor progression. As a multikinase inhibitor, sorafenib could inhibit the synthesis of VEGF and the formation of new blood vessels. Therefore, sorafenib was believed to improve the clinical efficacy of TACE by decreasing the post-TACE angiogenesis and proliferation of hepatoma. In TACE-S treatment, sorafenib, as a complementary treatment acting on VEGF, could enhance the clinical efficacy by reducing the expression level of VEGF, when administrated sequentially after TACE. A previous phase II clinical trial showed that TACE combined with sorafenib was associated with a disease control rate that was up to 91.2%, and that the combination treatment considerably increased the survival time for intermediate-and advanced-stage HCC patients. 43 Thus, TACE-S had been validated as an effective and safe treatment for patients with advanced HCC. In the present study, our data showed that TACE-S-MWA resulted in reliable clinical outcomes for patients with advanced HCC. In comparison with TACE-S alone, TACE-S-MWA improved median OS and TTP from 13 to 19 months and 3 to 6 months, respectively. Previous studies reported that TACE combined with MWA (TACE-MWA) was associated with several advantages in patients with unresectable HCC. [44] [45] [46] Firstly, liver dysfunction was a risk prognostic factor of long-term survival in HCC patients. It was previously shown that sustained TACE treatment was more likely to cause liver failure than the other local treatments or systemic treatments. Therefore, due to the negative effects of TACE treatment on liver function, the potentially required treatment had to be stopped in some patients, which might result in regrowth or metastases of target tumors. However, TACE-MWA could improve the long-term survival of these patients by reducing the repeated sessions of TACE procedure and protecting liver function indirectly. Secondly, because of the complicated tumor status and the palliative features of TACE procedure, it was hardly possible to achieve complete necrosis of target tumor during the treatment. However, the sequentially combined MWA after TACE could destroy the residual or recurrent tumor radically. Previous studies reported that TACE-MWA could enhance the local efficacy and prolong the long-term survival of patients. Thirdly, it had been confirmed that TACE could enlarge the ablation zone of MWA by reducing the "cooling effect" of intrahepatic blood flow and played an important role in inducing tumor destruction. Fourthly, hypo-vascular HCC and complicated feeding artery after TACE-S were the major limitations of TACE procedure. However, the sequentially followed MWA after TACE-S could destroy the target tumor directly. Additionally, molecular-targeted drugs such as sorafenib and apatinib were found to be effective for improving the clinical efficacy of local ablation in the treatment of HCC. Sun et al 47 reported that the combination of radiofrequency ablation and sorafenib could prolong the median progression-free survival time further than RFA monotherapy for advanced-stage HCC (7.8 vs 4.6 months). Xie et al 48 conducted an experimental study which showed that apatinib could inhibit the epithelial-mesenchymal transition of HCC cells and enhance the antitumor effect of RFA on HCC. In terms of safety, both TACE-S and MWA are minimally invasive therapies. All interventional procedures were successfully performed. There were no treatmentrelated mortalities in this study. Because of the synergistic advantages of TACE-S and MWA, no patients suffered serious complications, such as serious thrombocytopenia, hyperbilirubinemia, hypoleukocytosis, or hepatic dysfunction. The rates of the CIRSE grade 1, grade 2, and grade 3 complications, respectively, of patients in the MWA group were similar to those, respectively, in the non-MWA group. There were no complications of the CIRSE grade 4, grade 5 or grade 6 in our study. Hand-foot skin reactions, diarrhea, fatigue, hypertension, alopecia and dysphonia were the most common sorafenib-related adverse events. There were no significant statistical differences between the two groups on complications or adverse events. It indicated that the rates of complications or adverse events in our study were similar to those in previous studies. To the best of our knowledge, this was the first study to provide the evidence of the comparison of TACE-S-MWA and TACE-S in patients with advanced HCC. Some potential limitations might exist in our study. First, this study was retrospective. However, the baseline demographics were matched well between the two groups, and we confirm that the data regarding survival and safety analyses were accurate and well recorded by our reviewers. Second, the included patients were associated with a tumor status of fewer than five HCC lesions that were no greater than 10.0 cm in maximum diameter. Patients with portal vein/ hepatic vein tumor thrombosis in the main trunks were excluded. Further study is necessary to validate our results by a large, multi-center, and randomized controlled patient cohort. Third, the number of included patients was limited due to the novel treatment strategy of TACE-S-MWA in patients with advanced primary HCC.
In conclusion, TACE-S-MWA was safe and effective in patients with advanced primary HCC. TACE-S-MWA resulted in better clinical efficacy than did TACE-S in the patients. Further study is necessary to validate our results by a large, multi-center, and randomized controlled patient cohort.
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